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Evanescent-wave acceleration of ultrashort electron pulses

Justyna Zawadzka, Dino A. Jaroszynski, John J. Carey, and Klaas Wynne?®
Department of Physics and Applied Physics, University of Strathclyde, Glasgow G4 ONG, United Kingdom

(Received 9 April 2001; accepted for publication 26 July 2001

High-power femtosecond laser pulses have been used to excite surface plasmons in 500 A silver and
gold films. Nonlinear excitation results in the emission of electron bunches through multiphoton
excitation at low power and laser-induced field emission at high power. The energies of
photoelectrons are found to extend as high as 0.4 keV. Calculations show that these high energies
are due to ponderomotive acceleration in an evanescent field extending from the metal film out into
the vacuum. The theoretical calculations suggest that femtosecond electron pulses with relativistic
energies can be generated using longer wavelengths or by developing the surface morphology.
© 2001 American Institute of Physic§DOI: 10.1063/1.1406562

A number of schemes based on plasma waves and wakaents were performed in a vacuum chamber at a pressure of
fields have been developed to accelerate electrons usiri) ®—10 7 Torr. The prism was mounted on the outside of
high-power lasers with the objective of building the nextthe vacuum chamber with the metal film directed towards the
generation of compact high-gradient acceleratdBecause interior, permitting the electrons to travel through a hole to
laser light is a transverse electromagnetic wave, the accelerthe detection system. Maximum electron emission was ob-
tion is also transverse unless complicated schemes are dserved for transverse magnetitM) polarization and an in-
vised to produce a light gradient field. Here, we will presentternal angle of incidence of 41.3°/42.4° in silver/gold consis-
a scheme in which electrons are accelerated by an evanesceaht with the known refractive indices of BK7 and the metals
electromagnetic field. In the experiments, electron buncheat 800 nm, and SP excitation. No electron emission was de-
are generated through the femtosecond laser excitation @&ctable for angles away from the SP-resonance angle or for
surface plasmongSP3 in a thin metal film deposited on one transverse electri€TE)-polarized laser light. Special atten-
side of a glass prism. At 50 MW/chincident laser intensity tion had to be paid to avoid laser ablation of the films and
or below, the electron-generation process is dominated by thghite-light continuum generation in the prism above 10
multiphoton photoelectric effeétAt higher incident intensi-  Tw/cn? incident laser intensity. This incident intensity cor-
ties, however, a strong high-frequency evanescent fielgesponds approximately to the damage threshold of the ma-
(~10"V/cm, 375 THz) is created on the metal surface re-terial for this pulse duration and experimental geométry.
sulting in a ponderomotive potential. This causes thinning ofThe laser intensity was adjusted using a half-wave retarda-
the potential barrier for electrons escaping from the metation plate and a polarizer. To measure the total photocurrent,
thus increasing the probability of laser-induced field emiscopper collector plates were used as electron detectors with
sion and resulting in the charged particles being pushed awayie potential difference between the prism and the collector
from the surface. A maximum kinetic energy 0.4 keV  typically set between zero and a few tens of volts. The cur-
gained from the evanescent wave is observed in the expefient flowing from the collector to the prism is measured us-
ments. However, it is found that there are several potentighg lock-in detection and the energy distribution of the elec-
methods that could increase electron energy and productiofions is measured with a time-of-fligiTOF) spectrometer
efficiency. consisting of a multichannel array platdCP) placed 32 cm

In the experiments, two different laser systems operatingrom the electron source dna 1 GHz bandwidth oscillo-
in different intensity regimes have been used. For mediungcope for data acquisition.
power experiments, a 250 kHz repetition-rate Ti:sapphire-  Figure 1 shows the total photoelectron current measured
based regenerative amplifier has been used, producind 3 as a function of incident laser power. At zero bias voltage
pulses. For high-power experimene 1 kHz regenerative petween the prism and collector, the current increases ap-
amplifier producing 0.8 mJ pulses has been used. In all casegyoximately as the fourth power of the incident laser inten-
the laser pulse width is 100-150 fs and the center wavesjty pefore saturating above 30 GW/&nThis is consistent
length ~800 nm. Approximately 500 A thick films of gold  yith the third-order dependence that has been reported pre-
and silver were vacuum depositéat 10°°Torr and after- viously for gold surfaces excited with low-energy 625 nm
wards exposed to air for short periodsn the hypotenuse |aser pulse€?SWhen a reverse bias is applied, the current is
face of a 15 mm side-length BK7 right-angle prism. After- reqyced and the power dependence becomes of higher order,
wards, the metal surfaces were examined with an atomigconsistent with a simple multiphoton-excitation procgss.
force microscope. The laser beam entered the prism througfhe angular distributions of the photoelectrons in the plane
one of the faces opposite the hypotenuse in order to excitgs jncidence of the laser and perpendicular to it were mea-
SPs in the metal film in Kretschmann geométfihe experi- g ired with an array detector consisting of 10 copper collector
strips. The in-plane distribution was found to be directional
3Electronic mail: klaas.wynne@phys.strath.ac.uk with the majority of photoelectrons emitted perpendicular to

0003-6951/2001/79(14)/2130/3/$18.00 2130 © 2001 American Institute of Physics
Downloaded 10 Oct 2001 to 130.159.248.44. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



Appl. Phys. Lett., Vol. 79, No. 14, 1 October 2001 Zawadzka et al. 2131

log,, I (nA)
log,, n/eV

log,,Power (arb. units)

r]It:IG. 2. Kinetic-energy distribution of photoelectrons from a silver film

easured as a function of incident intensity. The inset shows the peak of
electrons of low kinetic energies on a linear scale. The incident power den-
sities are 12.5 GW/cf(1) and 40 TW/cr (2). The experimental data were
veraged into 0.1 eV energy bins, resulting in an energy resolution ranging
rom 0.1 eV at low energy to 40 eV at 0.4 keV.

FIG. 1. Dependence of the measured photocurrent from gold on incide
laser power. The data were measured with dc bias between the prism and t
detector as indicated and with incident power density ranging frento
~50 GW/cnt. The lines show fourth-, seventh- and ninth-order power de-
pendencies. The inset shows the measured angular distribution of photoele]
trons in the plane of incidendeots and perpendicular to thétriangles, as

well as a fit to a cdsd distribution.

possible to produce electrons with very high kinetic energies

the metal surfacéFig. 1). It fits reasonably well to a c@sy Py increasing the incident laser powig. 2, data set2 In
function and is independent of the applied biasthin the that case, however, the damage threshold of the sample can
signal-to-noise ratip In contrast, the out-of-plane distribu- P€ exceeded, resulting in its degradation. To obtain dBta
tion is much more uniform and a preferred direction of pho-in Fig. 2 the incident beam was collimated kia 6 mm
toelectron emission cannot be distinguished. Because of tféiameter. Only about 15% of incident light was absorbed by
boundary conditions, the SP electric field must be perpenthe metal layer suggesting that further improvements in elec-
dicular to the film and its wave vector in the plane of thetron yield and energy are possible. The high kinetic energies
film. When SPs are formed, they will acquire momentummeasuredas high as 0.4 kejare not due to multiphoton
directed into the plane of the film. Thus, one would expect@bsorption because in that case one would expect to observe
the electrons to travel through the film, rather than come oud Series of peaks in the spectrum separated by 1.5 eV. Such
of it. In fact, it has been observed in the low incident laser-P€aks have not been observed for incident power densities
intensity regime(<0.2 GW/cn?) that SPs have a 1agm  ranging from 0.5 GW/crito 40 TW/cnf. However it is pos-
mean free path in the metal filfn. sible that nonlinearity in the film causes optical rectification
There are numerous studies of the lifetimes of electron®f the incoming laser beam, resulting in an accelerating dc
and plasmons which show that in metals #wergyrelax-  field, which can generate a continuous spread of electron
ation time is one the order of a few picoseconds and th&nergies. Such an effect was indeed studied but the electric
momentumrelaxation time is~40 fs (or less at higher field was expected to be extremely wedk.
energies® 1% Therefore, the momentum of excited electrons  If the field strength on the prism surface Es(t), the
should be randomized within a fraction of a laser-pulse dufield as a function of positioz away from the surface is
ration while the average energy remains constant. Thus, onde(z,t) = Eq(t) cost)exp(~2z/\) where\ is the evanescent-
excited above the Fermi level, the electrons should emerg@ave decay length calculated to bel um for 800 nm
from the film with a randomized orientational distribution in wavelength. The Lorentz force on the electrons results in the
all directions. This, however, is inconsistent with the ob-nonlinear equation of motioa=f coswt)exp(—z/\), where
served directionality of the electron beam emitted. We conf=eE;/m,e is the electron chargen the electron mass, and
clude that another process must be responsible for pushing the angular frequency of the laser field. The electron mo-
the electrons away from the surface. tion consists of fast and slow drifts away from the high field
Figure 2 shows the measured kinetic-energy distributiorregion. Solving it as a classical equation of averaged
of photoelectrons emitted from a silver film. The total currentmotiont! one can express the energy gain of an electron as
of emitted electrons is about 10 nA at a 250 kHz repetitionU = Usna€ ??*, Ugna= e2E§/(4mw2) were U is the pon-
rate corresponding to 40 fC per bunch. For 0.5 GW/cm deromotive potential. This results in an effective dc electric
incident power density it is found that the distribution has afield, which on the surface has magnitudEqgeciive
half width at half maximum of~0.2 eV. The reason for this =eE§/(2)\mw2). Using our laser parameters-0.8 mJ/
narrow width (compared to what might be expected from apulse, 100 fs, beam waist 10@m) one calculates a field
Fermi—Dirac distributiop is that the SP resonance selectsstrength of~3 10 V/cm. It is also calculated that excitation
electrons with a narrow range of momenta. With increasingf SPs in flat silver or gold films on BK7 results in field
laser power density, the peak broadens, with a maximum anhancement of about a factor of 10. In addition, local non-
about 0.5 eV, and there appears to be a cutoff energy. Thigniformities on the metal surface are expected to enhance the
cutoff energy is proportional to the incident laser power ancelectric field furthet? After detailed examination of the
is about 50 eV above the work function of the mew@rre-  metal films used in the experiments features approximately

sponding to 33 photomsor 16.1 GW/cm. In principle, itis 10 nm high and 20 nm wide were revealed, suggesting that
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laser intensity, the cutoff energy scales quadratically with the

E~1 10" . . . . . .
% B 107 laser intensity. If the laser intensity or the pulse duration is
. 1n - _ani2 . . . . . .
2 s increased, the kinetic energy will saturate and the final ki-
0 = . .
\ (=1 6uem) netic energy will scale abl,y .

3 The experiments and theory presented here show that
evanescent fields produced by amplified femtosecond laser
pulses can be used very effectively to accelerate electrons. In

\s j our experiments, we are limited to peak power densities of

log,, P(Uy;,)

]
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5 ~—_ ~40 TW/cnt and a wavelength of 800 nm. Using the theory,
, ‘ , one can extrapolate the results to other regimes. It should be
0 1 ) 3 4 5 possible to obtain much higher energies by using infrared
) femtosecond laser pulses or by changing the surface mor-
0g,o Uy, (eV)

phology. This could even lead to the generation of electrons

FIG. 3. Theoretical probability-distribution functions of photoemitted elec- With relativistic energies.
trons. The calculation was performed with zero initial kinetic eneigy, ) ]
=800 nm, 7,s= 100 fs and the surface field strength indicated in V/m. The authors gratefully acknowledge financial support
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